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The electronic properties of Si donors in hetercepitaxial layers of GaN were investigated. The 
«-rype GaN tayers were grown by ntetalorganic chemical vapor deposition and either intentionally 
dopad with Si or unintentionally doped. The samples were evaluated by variable temperature Hall 
effect measurements and photeluminesccnce (PL) spectroscopy. For both types of samples the 
«-type cenducavny was foand to be dominated by a donor with an activation energy between J2 and 
17 mev. This donor is attributed to Si atoms substituting tor Ga in the GaN lattice (Si<0. The range 
of activate energies is due to different levels of donor concentrations and acceptor rompensadon 
n our samples. The assignment of a PL signature tf a donw-ececptor pair recombination involving 
?lf 1 \ T T I ,n,daI scaKofthe ^ &tive «««»^on yields the position of the optical Si 
^ bSn ^ P * -^-(22*4) meV. A deeper donor is also pmsem m oJ 
ZZ,^ M aCt, 7' t,0n T*® ° f ~ 34 meY which " ^vdy assigned to oxygen donors 

substituting for mtrogen (0 M ). & 1996 American Institute of Physics [S0DD3-695 l(96)03522-X] 



The HT-V nitride semiconductors: AIGalnN, have 
evolved into the materials of choice for the fabrication of 
visible tight emitting diodes exhibiting external quantum ef. 
ficfencies approaching 10%.' Controlled fl-iype conductiv- 
ity is commonly achieved by the incorporation of Si. Si sub- 
sMtutes for Ca in the GaN lattice and acts as a single donor. 3 
Despite significant progress, little quantitative information is 
yet available on the electronic properties of Si donors. Also 
ft* nature of the *Zype background conductivity observed in 
most of the epitaxial GaN film* is 8t ffl fully 
stood. 

Si donors in GaN were mainly characterized by variable 
temperature Hall effect measurements and donor activation 
energies of -27 meV are reported in the literature « How- 
ever, these values were derived from Arrhenius analyzes of 
the measured electron concentration with the implicit as- 
sumption of a temperature independent pretactor and, there- 
fore, have a large uncertainly. 

To clarify the situation for SI donors in GaN and to 
lavesttgate the nature of the donors in our unintentionally 
doped material, we investigated „-type GaN films which 
were either unintentionally doped or Si doped by variable 
So!!!!? Cfifec ' meosuremeHta ™* tow-tcmpenthire 

l^ U Tl nCSCencC ^"wcopy (PL). The Si content 
(SIMS? * lon wass spectrometry 

«i™^ fi,mS n " - in ,his aiid y g«»wn by met- 
SZ^r C ^' Cai * lpor (MOCVD) on polished 
c££ i? n T f^** cr > s,ais - intentionally doped 
GaN film (sample No. I) was ~4_5 fan and the Si-doS 
(samples Nos. 2-5) were between 2 and 3 ^ thE 

tem^f. Hali Cffc ? ™= asurements *ers conducted in the 
■empemture range from 80 to 500 K. The magnetic field was 



17.4 kG. Samples of 5X5 mm 1 size were cut from the wafers 
and metal dots were vacuum evaporated in the four corners 
to obtain electrical contacts in the Van der Kuiw geometry. 

For the PL measurements, the samples were mounted in 
a cryostat and immersed in pumped, liquid He to achieve a 
sample temparature of —2 K. The PL spactra were excited 
with the 325 mm line of a 30 niW HeCd laser with an inci- 
dent power density of ~ t W/cnr. The resolution of the spec 
tra was 0-05 nm. fr 

Figure 1 presents results from variable temperature Hall 
effect measurements on an imipteSrionally doped GaN 
sample (No. ]). Figure l(a>djow/me electron concentration 
as a function of reciprocal tentperature. and Rg. 1(b) the 
electron mobility us a function of the temperature. The elec- 
tron concentration n [Fig. 1(a)] was derived from the experi- 
mental Hall constants R N by. 
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TO. I. Etectnm concentration vs rcriproccJ temperature la] and Hall mo- 
bility v» tanpsraturc <b) for urinttrttWjy doped, /Myp* CaN. Tin: wftd 

ka^uaro fit wlifch « d^cr^d. 77* rtr yield, pannasmrt fw a shaikh 

S^Zl^L" ^ GOnccmrei,on cf ^ dosonL is the conrrmni. 
won of compansarmg oco^ton present in the sample. 
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_jnuix Qg determined ftem least-squares 

fits of the charge neutrality cquaiim to iht expert men mi Halt effect data and 
results torn ttcandsry iaa matt Rpsctronmry (SIMS) for myps GaN 
samples (column osjeh The parameter set includes donor eJec&ert ccrivsaion 
eawgies (Aff/,, . cotermw two ami four) and coatccmrarioii of sh&lkny dr> 
»ore W w . columns three and fivrjfartwo independent donors. Also given 

luii C T C ^ tr ^° D ^^P^^ 3 ^pn^ ( iV^, column six). SIMS 
resuiKfar tne St content tat summarized jn column seven. 
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where r„ is the Hall scattering factor and $ the electronic 
charge. Since r H has not been measured for GaN it was 
assumed to be isotropic, temperature independent, and of 
unity value (r^M. In Fig. I. (fie experimental data arc 
represented by solid squares. The electron concentration in 
sample No, I gradually increases with temperature. 

To obtain information about die donors which determine 
electron freeze-out behavior of our imfimentionaUy doped 
GaN- we performed a lcas,-,squares fit of the charge neutral- 
ity equation to the experiments data. The charge neutrality 
equation for /Mype. wide band-gap semiconductor (intrinsic 



FTC. Z Electro concentration v» reciprocal temperature (a) and Kail mo- 
bHuy vs^rcjum (b) for GaN doped whh increasing Si concgn^i^. 
Tn* symbols refer io Ura esperimeflrar dam. The solid lixtss in is) result from 
leost-Kjunrea fits to Ore ex^mcntal daia The fits yield paramiteK tor 
shaltow donors wtjfcf* are summarised in Table f. 



camera are neglected) with ^dependent donors being 
given by:" - »*"<6 



1=1 



(2) 



where the ndex , re fc„ to the /,„ domm W,„ is its concen- 
OKon. the degeneracy o." its electronic state i n , he ^ 
gap (=2). and the thermal activation energy of the 
•tenor electrons. M i s the concentration of compensating 

ccmsiant and T th E absolute tompnoture. Fit parameters arc 

mmS!'Jni' yVwnv - lhfl fits - ^ective electron 
u^l <,n o =mass of » ^ electron) was 

£L£ SlT P e rr™* "» ^«ated by the solid 
«nught line. A single donor level describes the electron 

dST^ aV t r ^ P 3 ^'- * «* --or 

depicted irt Fig, |( a ) and summarued in Tabk I 

« m ? S ^r 2 ?° WS HaJ ' ***** for Sloped GaN 

samples (Nos 2^5). The SiH, flux during growth « gS? 
^creased *» sampfe Nos. 2^ EonscqaenxlT^c 

t^SSST^ ^^iy Reined 

me Hall effect measurements. For samples Nos. 2-4 th* 
experimental HnJI effect data were used 'to rfJ^i^l^ 
Uon about shallow donors ^^^Zt^^^ 

Z^J^r^ ^ inde P e "dent donorlevels had to ta 
SS^' ^ , T meterS are ^"n^ed in Table t The 
lempemture dependence of the electron coocentmtion Tf 

APPJ- Rhys. Lett. Vol 68. Wo. 22, 27 May t996 



sample No. 4 at temperamres below 250 K indicates defect 
band conduction leading to a deviation of fie fitted curve 
from the experimental data. For sample No. 4 onlv data 
above 250 K wette ased for the fit. The electron concentration 
of sample No. 5 does not vary with the sample temperature 
indicating a doping level above the degeneracy limtc The 
room temperature and the peak mobilities of the Si-doped 
samples depend on the Si content. Sample No. 2, which has 
the lowest Si content, hos a rcom-temp^ratuje (300 K) mo- 
bility of 370 cm 2 /V s and a peak mobility at 150 K of 582 
cfflW*. The highest mobilities fbrifci-doped material tn 
sample No. 3 winh values of 501 c/^/V s (3C0 K) and 764 
cmWs (160 K), In sample No, A the mobilities are 369 
cnr/Vs and 459 ckt/Vs (190*K). For sample No. 5 the 
peak mobility is measured at 300 K with 135 em 2 /V s . The 
temperature dependence of the mobilities at temperamres 
higher than the paaJt mobilities is well approximated by a 
power dependence -T"'- 3 for all Sinloped GaN films shown 
in Fig. 2(b) (except sample No. SI 

The Hall effect analysis shows that the ?Kype conduce 
ttvity in our unintentionally doped material (sample No. I) is 
due to a shaHow donor level with an activation energy of 
-17 meV (Table IX A donor with a similar activation enemy 
(AEor) '* PKS^t ta samples Nos. 2-4. which were inten- 
tionally doped with Si (-Table I). The concentration of this 
donor (AW increases according to the flow rates of SiH 4 
which was increased from samples Nos. 2-5. Therefore, it 
seems reasonable to conclude that the shallow donor level 
with an activation energy in the range between 12 and 17 
meV is due to Si incorporation into GaN and that the domi- 
nant donor in our ummcntionally doped GaN is also Si. Re- 
suits from secondary ion mass spectrometry (SIMS, Table D 
aifl^port this conclusion. First, the concentration of Si as de- 
terrnmed by SIMS increases according to the concentration 
of the shallowest donor level (Table 0 . Second, the atomic 

STmSkf sc 13 ^ toht ~ 4x 10)7 cra * 3 fa 

Our determination of the thermal activation energy for 
lomzarion of Si donors is based on an accurate analysis ac- 
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FIO. .1 PL spectrum for sample No. I. PL emksfon lines tin; labeled "BX" 
"DAP;* and "yellow PL bond". The inset magnifies (be high crx^ por- 
tion ot this Npcvtnim. Zcr^phwrn rules are indicted by urrow.i with solid 
line* And their lirjtl LO-phnnon rvplkiw by arrow* with dotted fines. The 
an™* totaled "CB- indie** a rcctmiMnuion process th» may involve the 
conduction mind as the mrlbJ Mute 



cording to the charge newlraliiy condition. Eq. (2), and yields 
activation energies &E m in the range between 12 and 17 
meV. The decreasing activation energies with increasing do- 
nor concentrations observed lor samples Nos. 2-4 (Table I) 
con be explained by interaction of the donor wave functions 
which reduces ionization energies, as has been observed for 
other semiconductors, e.g.. Si and Gc. 9 However, the un- 
known Hull scattering factor and its temperature dependence 
pose an uncertainty in the determination of this value 

The activation energy for donor ionization cannot be de- 
termined (mm variable temperature Hail effect measure 
meats by a slope analysis in u linear region of the electron 
concentration versus reciprocal temperature data, as demon* 
strated .n Reft. 6 and 7. Such an analysis yields -4/3 of the 
actual activauon energy as can be shown by a Taylor series 
analysis or Eq. (2). J 

A PL spectrum for sample No. I is shown in Fig. 3. The 
spectrum taken at 2 K. exhibits features which are generally 
ofeerved r<n ' ^ype GuN. The strongest line (BX) appears at 
357.0 nm f3.473 eV) wiih a FWHM of -2.2 meV This 
emission line is due to the annihilation of excitons bound to 
ne^l shallow donors. At lower phonon energies a series of 

IT K m? A u P " PrCSCm in the W**™*- In lhe 
(eg., Ref. 10). they are usually referred to as due to donor- 

a^eptor recombinations. T^c yellow luminescence band 
centered at -2.2 eV j s ^ present in our material. The inset 
l^^L^!^ ** hlgh encf ^ P°^on of the PL spec. 
eV) and is likely to be an acceptor bound exciton. Tlie 



lines and **Z3" at 369.7 nm (3.353 eV) and 376.7 nm 
(3.292 eV)* respectively, may indicate Mg contamination 
since these lines usually appear in our Mg-doped GaN: their 
origin is unknown. The emission lines labeled **DAPI " and 
"DAP2" are associated with donor-acceptor pair recombi- 
nations and are positioned at 379.0 nm (3.272 eV) and 390,0 
nm (3.179 eV), respectively. A broad PL tine at (376.43:0.4) 
nm [(3.294^0.004) eVj is labeled ,k CB". 

In the following, we use the PL emission lines "CB" 
and "DAP!*' to suggest the positions of the St donor level 
and the Mg acceptor in the GaN band gap. DAP1 is the 
highest energy line and therefore, should involve the shal- 
lowest donors and acceptors, namely Si and Mg. Wc assume 
^that the broad line "CB" is due to the same radiative 
transition, however with the iniriaJ state being the conduc- 
tion band edge. The energy difference between the CB 
and the DAP I line yields the position of the Si donor level 
at £ f -<22:t4) meV. Consequently, the optical level 
for the Mg acceptors follows at £ p + (209*5) meV 
[£„«(3.503-± 0.0005) eV, 2 Kj." 

A second donor level with electron activation energies 
(AF 02 ) between 32 and 37 meV is observed in samples Nos. 
2-4 (Table I). This donor level may be due to oxygen con* 
taminaiion. Oxygen substituting* for nitrogen has been sug- 
gested to act as a shallow donor and may contribute to the 
rt-type background conductivity in unintentionally dooed 
GaN. 5 K 

tn conclusion, wc have determined the activation energy 
for ionization of Si donors in GuN by variable temperature 
Hall effect measurements. For the samples investigated in 
this study, the analysis yields activating energies in the ranee 
between 12 and 17 meV. Therefore, one! due to its high solu- 
bility in GaN Si is well suited as j?donor dopant for the 
preparation of iMypc GaN layers <&iih electron concentra- 
tions In the range up to ~ Hp cor' \ 
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